A novel voltammetry with a modified gold electrode for the direct determination of copper in environmental samples, without any pretreatment, is proposed in this paper. A porous disorganized monolayer was formed on the surface of the gold electrode by the self-assembly of mercaptoacetic acid (MAA), which could selectively permeate small molecules. Subtractive square wave anodic stripping voltammetry (SASV) was applied to determine copper, in which the underpotential deposition (UPD) of copper was used as the deposition step. The linear range was from 8 × 10 -7 to 1 × 10 -5 mol l -1 by the modified electrode in the presence of human serum albumin, and the determination was not interfered with common metal ions. Copper in a real environmental sample was successfully detected.
Introduction
Copper is an important environmental pollutant, which is toxic above a certain concentration. Monitoring trace or ultra trace copper in natural, environment, biological and other real samples is very important.
Commonly, the analytical methods for the quantification of copper are neutron activation analysis (NAA), atomic absorption spectrometry (AAS) and inductively coupled plasma-mass spectrometry (ICP-MS), which are all based on expensive and sophisticated instruments. 1 The electrochemical technique, especially stripping voltammetry for the trace analysis of metal ions, obtained considerable interest because of its low cost, easy operation, good sensitivity, high selectivity and accuracy. 2 The usual working electrode for stripping voltammetry was a mercury electrode, but mercury was toxic and caused harm to the environment and human bodies. Therefore, many groups tried to develop mercury-free electrodes to determine copper by stripping voltammetry analysis. Kirowa-Eisner and his coworkers used a rotating disk gold electrode to determine sub-µg copper by subtractive anodic stripping voltammetry. 3 Liu and his colleagues applied a nitrogen-doped diamond-like carbon film electrode to detect copper. 4 Lu et al. detected copper by using a tetraphenylporphyrin-modified carbon paste electrode. 5 However, just as Wang et al. pointed out, the dominating problem of electrochemical methods applied in environmental monitoring was contamination on the surfaces of sensitive electrodes by the adsorption of organic matter in samples. 6 Hence, a pretreatment of the sample (e.g. the wet digestion) was necessary to remove possible contaminations, 7 which was complex and time-consuming.
Recently, Arrigan and his colleagues developed a simple method to detect copper ion in the presence of a fix quantity of surfactants. 8 However, linear-sweep voltammetry, selected as the stripping step in their work, led to a high detection limit.
The underpotential deposition (UPD) behavior of metals onto gold electrodes coated with self-assembled monolayers of functionalized alkanethiols containing varied hydrocarbon chain lengths was studied. [9] [10] [11] [12] [13] [14] These studies found that the UPD of metals onto a SAM-modified gold electrode led to a metal monolayer being formed between the SAM and the electrode substrate. The UPD of metals at SAM-modified electrodes was found to be suitable for analytical applications, too. 13, 14 Subtractive anodic stripping voltammetry (SASV) was developed by Kirowa-Eisner et al. 3, [15] [16] [17] [18] They applied SASV to successfully determine copper, 3 cadmium, 15,16 lead 15-17 and mercury. 18 The method was employed when the stripping peaks were asymmetric, or the background currents affected the peak currents, etc.
In the present work, a gold electrode was modified by mercaptoacetic acid (MAA). The UPD of Cu 2+ on the MAAmodified electrode was used as the deposition step of SASV. Copper in the presence of human serum albumin could be detected on the MAA-modified electrode. This approach was successfully applied to directly determine the concentration of copper in a real environmental sample without any pretreatment.
Experimental
Reagents and apparatus MAA was purchased from Shanghai Chemical Reagent Company and used without further purification. All other reagents were of analytical reagent grade and used as received.
All electrochemical experiments were carried out on a CHI660A (CH Instrument, China) electrochemical workstation. A conventional three-electrode configuration was used. A gold electrode with a diameter of 0.2 mm was used as the working electrode. A platinum wire was applied as a counter electrode and a saturated calomel electrode (SCE) served as a reference electrode. All potentials in this work were with respect to the SCE.
Procedures
A gold electrode was polished with emery paper and alumina power. After rinsing with deionized water, the electrode was immersed in an ultrasonic bath for a few minutes, and rinsed again. It was then cycled in 1 M sulfuric acid with the potential range from 0 to 1.5 V at a scan rate of 50 mV s -1 until a stable gold oxide formation and reduction voltammogram was obtained. 8, 19 The formation of a self-assembled monolayer of mercaptoacetic acid on the gold electrode was similar to that obtained by the method of Arrigan et al. 11, 17 The polished electrode was modified by immersing it in a solution containing 5 mM MAA and 0.1 M perchloric acid for 10 min at an open circuit, and then rinsed by copious amounts of deionzed water.
The SASV procedure consisted of the following uninterrupted steps without stirring: (a) Conditioning of the electrode at 0. 
Results and Discussion
Self-assembled monolayer of MAA on a gold electrode MAA has only a two-carbon chain and a highly charged end group (COO -in acid solution). Such a structure can minimize the attractive forces between adjacent alkyl chains and maximize the electrostatic repulsion between negative-charged end groups. The MAA monolayer was thus disorganized and porous, like a "molecular brush". 20 In this way, small ions could permeate the film and be detected at the underlying electrode, while large molecular species, for instance proteins or surfactants in the solution, were not able to penetrate the porous molecular film due to their large size. The electrode surface can thus prevent fouling by organic substances.
It can be seen from Fig. 1 (A) that the currents of the redox peaks of Fe(CN)6 3-/4-couple at the MAA-modified electrode were smaller than those of the bare electrode. The potential between the reduction and oxidation peak-potential at the bare electrode was about 54 mV smaller than that obtained at the MAA-modified electrode.
Hence, the electrochemical reversibility of the redox couple decreased after the formation of a MAA monolayer. The reason may be that the MAA monolayer on the surface of the electrode inhibited electron transfer of the redox couple to some extent. However, the redox peaks were still obvious at the MAA-modified electrode because the MAA monolayer was porous. Small ions were permitted to penetrate the film as usual.
Electrochemical impedance spectroscopy (EIS) revealed impedance changes of the electrode surface. The electron transfer resistance (Rct) controlled the electron-transfer kinetics of the redox couple on the surface of the electrode. 21 A very small semicircle domain was obtained at the bare electrode (Fig.   1 , curve c), which implied a very low direct electron-transfer resistance to the redox couple. After a modification, a high interfacial electron transfer resistance (Rct ≈ 9 × 10 4 Ω, Fig. 1 , curve d) was obtained, which indicated that the MAA monolayer somewhat inhibited electron transfer. Hence, a porous monolayer was obviously formed on the surface of the MAA-modified gold electrode.
Underpotential deposition (UPD) of Cu
2+ at the MAA-modified gold electrode UPD occured at a more positive potential than the bulk deposition. Hence, UPD can avoid the co-deposition of other coexisting metals, which often took place at a more negative deposition potential. 22 This was very useful for environmental analysis. In addition, it was possible that the SAM was desorption at a more negative potential. 19, 23, 24 A suitable deposition potential (0 V) was selected to ensure that the goldthiol bond was not destroyed during the process of SASV, so that the structure of the disorganized monolayer would not be destroyed. This was associated with the UPD of Cu 2+ .
Cyclic voltammograms of 10 µM Cu 2+ at the bare gold electrode and the MAA-modified gold electrode are illustrated in Fig. 2 . The potential range was from 0 V to 0.6 V, which was positive of the Nernst potential for bulk copper deposition. 3, 14 Hence, the reduction and oxidation peaks observed in Fig. 2 correspond to the underpotential deposition and stripping of the Cu monolayer. The peak potentials for the reduction and oxidation of copper were shifted to more negative values at the MAA-modified gold electrode than those of the bare gold electrode. The currents of the anodic and cathodic peaks also decreased after the formation of the MAA monolayer. The reason may be that the SAM only slightly inhibited the deposition and stripping of copper at the electrode surface. However, a better stripping peak shape was obtained at the MAA-modified electrode compared to that at the bare electrode. The same results were obtained at a mercaptoalkane sulfonate-coated gold electrode. 14 The improvement in the peak shape may have been because the adsorbed organothiol reduced the surface sites where the copper UPD processes used to occur. This led to a more acute peak current. Further, a good reproducibility (n = 15) obtained on the MAA-modified electrode indicated that the MAA monolayer was stable enough for the determination of copper.
Subtractive anodic stripping voltammetry (SASV) of copper
The analytical signal of SASV was the difference between the square-wave anodic stripping voltammogram of the analyte and that obtained with zero deposition time in the same solution.
The signal recorded at zero deposition time reflected the state of the electrode immediately after normal ASV. Thus, SASV was a good method for correcting the background currents. It was very suitable to be used in complex samples where the background was unknown, especially in environment or biological samples.
The difference between the ASV and SASV is shown in Fig.  3 . Though the peak current was smaller than that of ASV, a better stripping peak shape was obtained with SASV. In addition, the reproducibility of the stripping peak by SASV was better than that of ASV. Another important advantage of the SASV was that detection could be performed without the removal of oxygen. The influence of oxygen was decreased to be minimum because the base line of the stripping voltammogram had been subtracted. Thus, the operation was simple with SASV.
Compared to linear-sweep voltammetry, square-wave voltammetry could enhance the analytical signal by removing any non-faradaic current.
Stripping with square-wave voltammetry allowed the detection of a lower Cu 2+ concentration than that with linear-sweep voltammetry. When the concentration of copper was lower than 1 µM, the stripping peak disappeared with linear sweep anodic stripping voltammetry at the MAA-modified electrode. However, with SASV, the peak was still obvious.
Detection of copper in the presence of human serum albumin (HSA)
To prove that the MAA monolayer can prevent the surface of the electrode from being fouled by large molecular species, HSA was selected as the model contaminant due to many real samples containing lots of proteins. It can be seen from Fig. 4 that the stripping peak current at the bare electrode without HSA was about five-times more than that obtained at the same electrode in the presence of HSA. Thus, HSA seriously influenced the determination of copper at the bare electrode. However, with the MAA-coated electrode, the influence of HSA under the same condition greatly decreased. The peak current was reduced by only about 18 percent after adding HSA. This clearly indicated the ability of MAA film to prevent the electrode from fouling by HSA.
Hence, the direct determination of copper in the presence of organic matter with the MAA-modified electrode was possible.
The effects of the accumulation time and the deposition potential on the sensitivity of the MAA-modified electrode were considered. SASV of 10 µM copper in the presence of HSA (0.6 mg ml -1 m/v) was performed with an accumulation time from 5 s to 60 s, and deposition potentials from -0.2 V to 0.2 V. In our experiments, we found that the peak current only increased little with a longer accumulation time, while it decreased with a shorter time. Therefore, an accumulation time of 30 s was selected. On the other hand, when the deposition potential becoming negative, the peak current increased correspondingly. However, if the selectivity was considered, 0 V was a suitable deposition potential, because a too-negative deposition potential could lead to the co-deposition of other metal ions, which was disadvantageous in the analysis of complex samples. Thus, 30 s of accumulation time and 0 V of 
Determination of copper in the presence of coexisting metal ions
In order to decrease the interference with some possible coexisting metal ions, a high deposition potential (0 V) and a narrow stripping potential range (0 -0.6 V) were selected. The concentrations of individual metal ions that gave measurable changes in the stripping currents of 1 µM copper are given in Table 1 . It can be found that the determination was not interfered strongly by other metal ions.
Determination of copper in samples
The concentration of copper in a simulated sample containing an abundant surfactant was determined. The SASV method was applied to the determination at the MAA-modified electrode. The solution contained 0.7 mg ml -1 hexadecyl trimethylammonium bromide (HTAB). The copper concentration was 1 µM and 10 µM, respectively. 10 mM HNO3 and 10 mM NaCl were used as supporting electrolytes. When the concentration of copper was 10 µM, the mean value of the peak currents of five successive determinations decreased to 89% compared to that obtained without a surfactant. The relative standard derivation (RSD) was about 8.6%. When the concentration of copper was 1 µM, the mean value of the peak currents of five successive determinations decreased to 84%, and the RSD was 10.7%.
The concentration of copper in a real environmental sample collected from an effluent of industrial origin was detected. The sample was grey and without obvious suspend materials. It was directly added into the detecting cell without any pretreatment. The approach described above was applied to the determination. An obvious stripping peak potential was appeared at about 0.32 V. The results were compared to those of the conventional ASV with a bare gold electrode. The sample used in the latter case was pretreated by wet digestion. All of the results are summarized in Table 2 . The concentrations of copper detected by the MAA-modified electrode were smaller than those of the traditional ASV. This may have been because after the sample was pretreated, some inert copper became free, which could be detected by the ASV. The same phenomenon was also found by Yang et al.
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Conclusion
The voltammetric method for direct determination of copper in the real environmental sample proposed in this paper was simple and convenient. The MAA monolayer exhibited selective permeation for small ions, which acted like a molecular brush. SASV was good to correct the background current. The UPD of Cu 2+ provided a better shape of the stripping peak and avoided interference with some coexisting metal ions. The method was applied to direct determination of copper in complicated environmental samples without any pretreatment. The results agreed well with the traditional ASV. 
